Abstract
It has been widely documented that municipal wastewater treatment plant effluents are a major source of artificial sweeteners to surface waters. However, in rural areas, the extent to which septic systems contribute these same compounds to groundwater aquifers is largely unknown. We examined the occurrence of four commonly used artificial sweeteners in an unconfined sand aquifer that serves as a water supply for rural residents, as a receptor of domestic wastewater from septic systems, and as a source of baseflow to the Nottawasaga River, ON, Canada. Groundwater from the Lake Algonquin Sand Aquifer in the southern Nottawasaga River Watershed was collected from private domestic wells and as groundwater seeps discharging along the banks of the Nottawasaga River. Approximately 30% of samples had detectable levels of one or more artificial sweeteners, indicating the presence of water derived from septic system effluent. Using acesulfame concentrations to estimate the fraction of septic effluent in groundwater samples, ~3.4 to 13.6% of the domestic wells had 1% or more of their well water being derived from septic system effluent. Similarly, 2.0 to 4.7% of the groundwater seeps had a septic effluent contribution of 1% or more. No relationship was found between the concentration of acesulfame and the concentration of nitrate, ammonium, or soluble reactive phosphorus in the groundwater, indicating that septic effluent is not the dominant source of nutrients in the aquifer. It is expected that the occurrence of artificial sweeteners in shallow groundwater is widespread throughout rural areas in Canada.
Artificial Sweeteners Reveal Septic System Effluent in Rural Groundwater
John Spoelstra,* Natalie D. Senger, and Sherry L. Schiff I n rural areas, municipal water supplies and wastewater treatment facilities are generally not available, and therefore rural households rely on private wells for water supply and treat their wastewater using septic systems. By design, septic systems discharge treated wastewater to groundwater. Groundwater contamination by septic effluents and associated constituents (e.g., nitrate, personal care products, pharmaceuticals, pathogenic microorganisms) has been recognized as a potential health concern in rural areas (Withers et al., 2014) . In the case of surficial aquifers, the separation between wastewater discharge areas and the intakes for water supply wells can be minimal, increasing the chances of wells intercepting groundwater contaminated by septic effluent.
In Canada and the United States, 11 (Statistics Canada, 2011) and 14% (Maupin et al., 2014) of households, respectively, get their water from private wells. Private well owners are not subject to the same regulations and monitoring that municipalities are with respect to the quality of their water supplies. For example, the maximum acceptable concentration for nitrate in Canada is 10 mg N L −1 . Despite this, many studies have shown that groundwater used for private water supplies in rural areas often has nitrate concentrations that exceed the drinking water limit (Hill, 1982; Goss et al., 1998) . Municipal water supplies are often sourced from groundwater and are therefore also not immune to impact from septic system effluents. As urban areas expand into formerly rural areas, previous land use activities such as agriculture and septic systems are likely to influence the quality of groundwater resources in areas where new municipal wells are located.
Studies have used a variety of methods to investigate potential septic system impacts to groundwater and to estimate the fraction of private wells affected by septic effluent. One such method is to analyze well samples for total coliform bacteria, which include fecal coliforms that reside in the digestive tracts of humans and animals and are also found in septic effluent. The presence of living coliforms in water indicates relatively recent contamination of the water and the possible presence of other bacteria and viruses that could have human health consequences if ingested. For example, Francy et al. (2000) found that 20% of 143 groundwater samples collected in the United States as part of their study tested positive for total coliforms. In a study of 1292 domestic wells on Ontario farms, Goss et al. (1998) found that 34% of the wells tested had coliform bacteria counts in excess of the maximum acceptable concentration.
Since fecal coliforms are present in both human and animal waste, their presence in groundwater is not strictly indicative of septic-derived contamination. In rural areas where septic systems and livestock operations are often both located, other methods may be required to attribute fecal contamination to a specific source. One such technology is microbial source tracking, which can be used to trace the origin of fecal bacteria and viruses to specific animals (e.g., humans, cows, pigs, ducks, etc.; Khan et al., 2007; Roslev and Bukh, 2011; Rusiñol et al., 2014) .
The presence of certain pharmaceutical compounds in groundwater is also used to detect the presence of humanderived wastewater. Pharmaceuticals that are often detected with sufficient frequency and concentration to be considered useful tracers of wastewater-affected groundwater include carbamazepine, primidone, sulfamethoxazole, cotinine, acetaminophen, and caffeine (Seiler et al., 1999; Drewes et al,. 2002; Barnes et al., 2008; Fram and Belitz, 2011; Van Stempvoort et al., 2013; Schaider et al., 2014) .
Numerous studies have now demonstrated that artificial sweeteners are powerful tracers of wastewater in the environment, partly due to their widespread inclusion in products such as diet beverages and foods, pharmaceuticals, and toothpaste. Artificial sweeteners have several advantages over other wastewater tracers, including the facts that (i) they are almost exclusively derived from human wastewater (municipal or septic system effluents), (ii) they are ubiquitous in human wastewater, (iii) they occur at relatively high concentrations, and (iv) they are slow to breakdown in the environment, especially acesulfame (ACE) and sucralose (SUC). Artificial sweeteners have been detected in rivers, lakes, and groundwater where wastewater is known to discharge (Brorström-Lundén et al., 2008; Buerge et al., 2009; Scheurer et al., 2009; Oppenheimer et al., 2011; Spoelstra et al., 2013; Robertson et al., 2013; Van Stempvoort et al., 2013) . They have also been found in the groundwater underlying urban areas with leaky sewer systems (Wolf et al., 2012; Tran et al., 2014; Lee et al., 2015) and as a component of landfill leachate (Roy et al., 2014; Clarke et al., 2015) .
Once in the environment, numerous factors can control the fate of artificial sweeteners. Saccharin (SAC) and cyclamate (CYC) have generally been found to be more easily degraded than SUC and ACE (Buerge et al., 2009; Scheurer et al., 2009; Robertson et al., 2013) and have been proposed as tracers of untreated or undertreated wastewater (Buerge et al., 2009; Yang et al., 2017) . For example, Zirlewagen et al. (2016) used CYC/ACE ratios to distinguish between "old or treated wastewater" and "fresh and untreated wastewater." The presence of the more degradable artificial sweeteners in groundwater can be an indication of more recent contamination and proximity to the effluent source.
Although previous studies documented minimal ACE degradation in wastewater treatment plants, (Buerge et al., 2009; Scheurer et al., 2009) , recent studies (Castronovo et al., 2017; Yang et al., 2017) found that ACE degradation can be significant in some wastewater treatment systems. Even so, Yang et al. (2017) show that ACE concentrations in effluent can remain very high compared with other potential organic wastewater tracers, only being surpassed by erythromycin-H 2 O and SUC in a study of nine wastewater treatment plants in China. Acesulfame appears to be very resistant to degradation once released into the environment and therefore can be used to track wastewater far from its source. For example, Spoelstra et al. (2013) demonstrated that, after discharge from wastewater treatment plants, ACE can persist for hundreds of kilometers in rivers. In groundwaters, previous studies have shown that ACE is more persistent than SUC (Scheurer et al., 2009; Robertson et al., 2013) . Acesulfame also survives water treatment processes and can subsequently end up in the municipal water supply for communities sourcing their raw municipal water from surface waters and groundwaters containing wastewater (Buerge et al., 2009; Scheurer et al., 2010; Prasse et al., 2011; Gan et al., 2013; Nödler et al., 2013; Spoelstra et al., 2013; Ens et al., 2014; Scheurer et al., 2014) . Aspartame, another commonly used artificial sweetener, is metabolized completely within the body (Renwick, 1986) and is therefore not found in wastewater-affected environmental samples (Scheurer et al., 2009; Lange et al., 2012) .
We hypothesize that a significant fraction of shallow groundwater in unconfined aquifers in rural settings, where septic systems are common, is affected by septic system effluent and that analysis of artificial sweeteners in groundwater will indicate this. However, in these areas where intensive agriculture activities also take place, we suspect that septic effluents are not a significant source of nitrate and other nutrients in regional groundwater, in comparison with that derived from agriculture (e.g., fertilizer application to crops). This study examines the occurrence and concentration of four commonly used artificial sweeteners (ACE, SAC, CYC, SUC) in a surficial aquifer in a rural setting that functions both as a source of water for private domestic wells and also receives treated wastewater effluent from septic systems. Furthermore, for groundwater wells and seeps containing artificial sweeteners, we use the concentration of ACE to estimate the fraction of water derived from septic effluents and to see if nutrients in groundwater are related to the degree of septic influence.
Materials and Methods

Site
The occurrence of artificial sweeteners in rural groundwater was investigated in the Nottawasaga River Watershed, located ~50 km north of Toronto, ON, Canada. There are more than 10,000 privately owned wells in the Nottawasaga River Watershed and greater than 130 municipal wells, which provide domestic water to most of the watershed's residents (Nottawasaga Valley Conservation Authority, 2013). The Nottawasaga River has its headwaters in the Oak Ridges Moraine and discharges to Georgian Bay at Wasaga Beach. Land use in the Nottawasaga River Watershed (3147 km 2 ) consists largely of agriculture (56%), with potatoes (Solanum tuberosum L.) and sod being major crops in the southern portion of the watershed (Van Stempvoort et al., 2016) where groundwater was collected for this study. The basin has a temperate climate and receives ~790 mm of precipitation annually, with ~20% coming in the form of snow (Environment and Climate Change Canada, 2017) . The surficial geology of the southern Nottawasaga River Watershed is dominated by the Lake Algonquin Sand Aquifer (LASA; Sibul and Choo-Ying, 1971) , which is an unconfined sand aquifer that supplies water for domestic and agricultural use in the rural areas. The thickness of the LASA varies but is generally ~12 m, with a maximum thickness ~25 m within our study area (Sibul and Choo-Ying, 1971) . The contact between the LASA and underlying finergrained strata is exposed along the incised banks of the southern Nottawasaga River. As such, groundwater discharge to this section of the river occurs above the river water level and subsequently runs down the banks, facilitating groundwater sampling along the seepage faces (Hill, 1982) .
Sampling
Groundwater samples from the southern Nottawasaga River Watershed were collected from seeps discharging along the banks of the Nottawasaga River and from private domestic wells (Fig. 1) . Using a small boat, groundwater seeps were spotted along the banks of the river and bulk samples collected and kept in coolers with ice packs until further processing (e.g., subsampling, filtering, preserving) later that day (within 12 h). Groundwater seeps were collected along the southern section of the Nottawasaga River Groundwater from private wells was collected in June and July 2011 from taps that, where possible, bypassed any treatment systems (e.g., water softeners). Field parameters (temperature, pH, conductivity, dissolved oxygen) were monitored with a YSI 600QS Sonde while the taps were allowed to run for several minutes until these parameters stabilized. Once stable, a bulk water sample was collected and then immediately subsampled for various chemical and stable isotopic parameters (not all reported here; Senger, 2016) . Samples were kept cold until analysis, either refrigerated (4°C) or frozen (−18°C), depending on the parameter (see below).
Chemical Analyses
Major anion samples were filtered to 0.45 mm and refrigerated until analysis (within 1 wk) using a Dionex 2500 ion chromatograph. Sample concentrations were calibrated against certified multi-ion standards that were analyzed with the samples. The method detection limit (mdl) for nitrate using this technique was 0.016 mg N L −1 . Subsamples for soluble reactive phosphorus (SRP) were field filtered to 0.45 mm and refrigerated until analysis (within 48 h). The SRP concentrations were determined using an orthophosphate colorimetric technique, measuring the absorbance at 885 nm using a 10-cm, path-length cuvette on a Thermo Scientific Evolution 201 ultraviolet-visible spectrophotometer. Sample values were calibrated against multiple SRP standards that were analyzed with the samples.
Ammonium subsamples were filtered to 0.45 mm and acidified with hydrochloric acid to a pH of ~5 to 6 and stored frozen until analysis (within 48 h). Ammonium concentrations were determined using a colorimetric method (salicylate-nitroprusside) by measuring absorbance at 640 nm on a Beckman-Coulter DU720 ultraviolet-visible spectrophotometer. Sample values were calibrated against multiple ammonium standards that were analyzed with the samples.
The concentrations of four artificial sweeteners, ACE, CYC, SAC, and SUC, were determined using the methods described in detail by Van Stempvoort et al. (2011b, see supplemental information therein) . In brief, 100 mL of sample was analyzed using suppressed ion chromatography (IC) coupled to a tandem mass spectrometer (MS/MS). Separation was performed using a Thermo Fisher Dionex 2500 IC system on a Dionex IONPAC AS20 analytical column (2 ´ 250 mm). The IC was interfaced to an AB Sciex 5500 QTrap MS/MS and operated in the negative electrospray ionization mode. Isotopically labeled compounds were used as internal standards to account for matrix effects. . The groundwater seep samples collected in September 2013 were run with a slightly modified method that included separation using a Thermo Fisher Dionex ICS 5000 system and ion suppression using a Dionex AERS 500 2 mm instead of a Dionex ASRS 300 2 mm. As a result of the method improvements, method detection limits were lowered for all but CYC, and especially for sucralose (ACE = 0.002, SAC = 0.002, CYC = 0.003, SUC = 0.020 mg L −1 ). When necessary for any of the parameters listed above, samples were diluted with Milli-Q water to bring their concentration within the working range of the standards.
Results and Discussion
Occurrence and Concentration of Artificial Sweeteners in Rural Groundwater
At least one of the four artificial sweeteners was found in 32% of the 149 groundwater seep samples collected along the banks of the Nottawasaga River. Acesulfame was the most commonly occurring artificial sweetener, with 21% of all seep samples collected having detectable (>mdl) ACE ( Fig. 2A and  2B ). Acesulfame also had the highest concentration of the four artificial sweeteners measured, with a maximum value of 1.7 mg L −1 (Fig. 2B) . The high prevalence and concentration of ACE is likely due to its common use as an artificial sweetener in Canada, its strong resistance to degradation in the environment (Buerge et al., 2009; Scheurer et al., 2010; Gan et al., 2014) , and its mobility in groundwater (Buerge et al., 2009; Van Stempvoort et al., 2011a , 2011b Robertson et al., 2013) . Sucralose was analyzed for a smaller number of samples (only the 2013 set, n = 58), but it had the next highest overall occurrence and maximum concentration at 14% of samples and 0.57 mg L −1 , respectively ( Fig. 2A and 2B ). Saccharin and CYC were detected in 11 and Fig. 2A and 2B ). The differences in method detection limits between the different sample sets had mixed consequences for the results. For ACE, only one seep sample from the 2013 set had a value between the old (0.008 mg L −1 ) and new (0.002 mg L −1 ) mdl, and therefore method improvements likely had a minimal effect on the frequency of ACE detections. In contrast, 14 of the 17 seep samples from 2013 that had detectable SAC were at concentrations that would not have been detected using the older method (i.e., <0.021 mg L −1 ). Therefore, the change in mdl is likely the reason for the much higher percentage of SAC detections in the 2013 dataset (28%), compared with the 2010 and 2011 datasets (1%). The mdl for CYC was the same for both versions of the artificial sweetener analysis method. Considering only the seep data from 2013 (Fig. 2B) , SAC actually had the highest occurrence of detections, but most were at very low concentrations. Considering only the 2013 results, 26% of the seep samples collected had one or more of the non-SAC artificial sweeteners detected, indicating some contribution of water derived from septic system effluent.
7% of samples
Similar to the groundwater seeps, at least one of three artificial sweeteners (SUC not reported) was found in 31% of the groundwater samples collected from 59 different private wells. Again, ACE had the highest occurrence and maximum concentration at 27% and 26.4 mg L −1 , respectively (Fig. 2C ). Saccharin and CYC detections were less frequent, at 5 and 8%, respectively, but maximum concentrations (SAC = 0.40, CYC = 4.1 mg L −1 ) were higher than those observed for groundwater seeps (Fig.  2C ). In the groundwater seeps, SUC was only detected in samples that also had detectable ACE, and therefore we suspect that the percentage of domestic well samples having one or more artificial sweeteners was not affected by the exclusion of SUC. In contrast, the fraction of wells having artificial sweeteners might have been somewhat higher if analyzed using the newer (lower mdl) method, due to the likelihood of more SAC detections.
The nearly identical fraction of groundwater samples having measureable artificial sweeteners, whether from domestic wells or groundwater seeps discharging along the Nottawasaga River, suggests that these values may be representative of groundwater septic influence at the regional scale in the rural portions of the LASA and possibly other similar aquifers in Canada. To date, we are only aware of two previously published studies that have examined the occurrence of artificial sweeteners in groundwater from private domestic wells. Wu et al. (2014) sampled 100 domestic wells in Alberta, Canada, for ACE and SUC and found that 24 and 8% of the wells, respectively, had measureable ACE (9 ´ 10 −4 to 1.53 mg L ). As with our groundwater seeps, Wu et al. (2014) found that SUC was only detected in samples that also contained ACE. Schaider et al. (2016) analyzed for a variety of organic wastewater compounds (OWCs), including ACE, in 20 domestic supply wells drawing water from a sand and gravel aquifer in Cape Cod, MA. Their sampling deliberately targeted wells with nitrate contamination, and therefore, as they acknowledge, their percentage of ACE detections is not representative of overall groundwater quality in the area. Of the 27 different OWCs detected, ACE was the most frequently detected (85% of wells sampled), had the highest concentration (5.3 mg L −1 ), and was always present if any other OWC was detected (Schaider et al., 2016) . Neither of the two abovementioned studies measured CYC or SAC concentrations.
Septic systems are designed to discharge effluent to the shallow groundwater, and given that artificial sweeteners, particularly ACE and SUC, are recalcitrant and mobile in groundwater, it is not surprising that artificial sweeteners are detected in aquifers receiving septic effluent. The LASA, being a highly permeable surficial aquifer, is vulnerable to surface-derived contaminants, including those from septic systems and land management practices (e.g., agriculture). For domestic wells for which total depth information was available (39 of 59 wells), ACE detections were limited to wells of 20-m depth below ground surface or less (Fig. 3) . Of these 29 wells, 11 had detectable ACE concentrations. Groundwater that predates the widespread use of artificial sweeteners will not contain artificial sweeteners, even if once affected by septic system effluent. In Canada, SAC and CYC have been in use since at least the 1970s, whereas ACE and SUC were introduced later, in 1988 and 1992, respectively (Gougeon et al., 2004) . The lack of ACE detections in wells known to be >20 m in the LASA could be due to the age of the groundwater at depth. Although there appears to be a general increase in ACE concentration with depth for those wells where ACE was detected (Fig. 3) , interpretation of the concentration-depth relationship is complicated by the fact that we do not have information on the depth to the water table for each well, nor do we know the intake depths for the wells. For example, a well with a total depth of 20 m could be drawing groundwater from anywhere between the water table and 20 m if it is screened over that entire interval.
Although biosolids are occasionally applied in the Nottawasaga River Watershed, biosolids are not expected to be a significant source of artificial sweeteners to groundwater. Artificial sweeteners are highly soluble and therefore remain in the liquid phase of sewage, with relatively low amounts found in dewatered sewage sludge that biosolids are derived from (Pasquini et al., 2013; Subedi et al., 2014; Tran et al., 2014 Tran et al., , 2015 .
Piglet feed can contain SAC as an additive (Buerge et al., 2011) , and therefore manure from swine farms can potentially be a source of SAC to the environment. However, it is unlikely that pig manure was a significant contributor of SAC to groundwater in our study area. First, there are very few pig farms in Simcoe County, where this study was conducted (Ontario Ministry of Agriculture Food and Rural Affairs 2016a, 2016b). Also, to our knowledge, the only artificial sweetener used in livestock feed is SAC, and therefore groundwater samples containing artificial sweeteners other than, or in addition to, SAC must be influenced by human wastewater. Saccharin is also produced from the breakdown of some sulfonylurea herbicides (Berger and Wolfe, 1996) . Sulfonylurea herbicides are used in the Nottawasaga River Watershed, and therefore this is another potential source of SAC to groundwater in the area. Of the groundwater samples that contained artificial sweeteners, none of the domestic wells contained only SAC. Although eight of the groundwater seep samples contained only SAC, the concentrations were very low, ranging from 0.002 to 0.016 mg L −1 . The four artificial sweeteners measured in this study are all approved for human consumption by Health Canada, and therefore their presence in rural groundwater and private wells might not be considered a human health issue in and of itself. However, artificial sweeteners in groundwater indicate the presence of wastewater, which might be the source of other contaminants of concern (e.g., pathogens, nitrate, pharmaceuticals). For example, Zirlewagen et al. (2016) found a relationship between the occurrence of cyclamate and fecal indicator bacteria in a karst spring in southwestern Germany. Thus, artificial sweeteners can serve as a screening tool to identify groundwater that should receive additional testing, especially if the water is used for potable supplies. From an aquatic ecosystem perspective, the effects of environmentally relevant concentrations of artificial sweeteners in rivers and lakes are unknown for most organisms. However, once again, the presence of artificial sweeteners indicates a wastewater influence, and therefore, even if artificial sweeteners themselves are not a significant threat to the aquatic fauna, other compounds that are associated with wastewater might pose a threat and thus warrant further investigation. Furthermore, there is evidence that the breakdown products of artificial sweeteners might have ecotoxilogical implications (Sang et al., 2014; Li et al., 2016) .
Fraction of Septic Effluent in Groundwater
The high occurrence of artificial sweeteners in rural groundwater in the southern Nottawasaga River Watershed demonstrates that a significant fraction of the rural groundwater is influenced by septic wastewater to some degree. Using ACE concentrations previously measured in septic tank effluents allows us to estimate the septic-derived water contribution in groundwater samples. In a study conducted in Ontario, the mean concentration of ACE in septic system effluent has been shown to range from 14 to 71 mg L −1 (Robertson et al., 2016a, supporting information) . Using these values as range limits, we calculated that 2.0 to 4.7% of the seeps and 3.4 to 13.6% of the domestic wells have 1% or more of their water being derived from septic system effluent (Fig. 4) . Furthermore, the domestic wells with the two highest ACE concentrations of 5.4 and 26.4 mg L −1 have estimated septic water contributions of up to 38.3 and 100%, respectively (Fig. 4) . Neither of these wells was being used for domestic drinking water supply at the time of sampling. The presence of artificial sweeteners in domestic water derived from groundwater dramatically illustrates a potential consequence of using the same aquifer for both wastewater treatment and water supply. Households with artificial sweeteners detected in their wells may be contaminating their water with their own septic effluent, or it might be derived from other households upgradient (i.e., their neighbors, as illustrated in the graphical abstract of Schaider et al., 2016) .
The calculated septic water contributions shown in Fig. 4 are based on a couple key underlying assumptions. First, we assume that ACE concentrations in groundwater are not significantly affected by degradation. Currently, there are no studies that determine in situ ACE degradation rates in groundwater. However, ACE has been shown to be resistant to degradation in water and wastewater treatment plants, surface waters, and groundwater (Buerge et al., 2009; Scheurer et al., 2009; Robertson et al., 2013) and is subsequently very persistent in the environment. Acesulfame can be broken down by dissolved ozone (Scheurer et al., 2010 , ultraviolet light (Sang et al., 2014; Scheurer et al., 2014; Li et al., 2016) , and natural sunlight (Gan et al., 2014) ; however, these mechanism are not relevant to groundwater flow systems. A study using columns of saturated sandy soil has also shown that adsorption of artificial sweeteners (ACE, CYC, SAC) in sandy aquifers is likely negligible (Foolad et al., 2015) . It should be noted that our septic water contributions represent minimum values, and if ACE degradation does occur in groundwater, then the actual septic water contributions would be higher than our calculated values.
Second, we assume that the septic tank ACE concentrations measured by Robertson et al. (2016a) are representative of septic system effluents in our study area. The availability of more septic effluent artificial sweetener concentrations will make these contribution calculations more robust in the future. At our current mdls, and the ACE concentrations found in septic effluent by Robertson et al. (2016a) , our analytical method can detect a septic water contribution as low as 0.003% or ~1 mL 34 L −1 of water.
Nutrients from Septic System Effluent
For the southern Nottawasaga River, groundwater contribution to stream flow is obvious, as groundwater discharges through visible seeps along the river banks. Groundwater also contributes to streams and shorelines by discharging through the sediments below the waterline. Through its contribution along shorelines and as baseflow to streams, groundwater quality can influence surface water quality. Nitrate contamination of groundwater is known to be prevalent in the study area (Hill, 1982; Senger 2016) , and although previously attributed to high fertilizer use by agriculture in the area, particularly potato farming, septic systems are another possible source of nitrate and other nutrients to groundwater.
As potential evidence for septic-derived nutrients, the relationships between groundwater nitrate, SRP, and NH 4 + concentrations and ACE were examined. Nitrate concentrations ranged from <mdl to 73 mg N L −1 in the groundwater seeps and from <mdl to 57 mg N L −1 for domestic wells (Fig. 5A ). Nitrate concentrations were not correlated with ACE concentration for seeps (R 2 = 0.08) or domestic wells (R 2 = 0.15). The full range of nitrate concentrations were observed for both seep and well samples in which ACE was not detected (i.e., <mdl) (Fig. 5A) . With the exception of one seep sample (SRP = 134 mg L −1 ), the same was found for SRP (Fig. 5B) . That is, the full range of concentrations was observed in samples in which ACE, and therefore septic influence, was not detected. For samples that did contain ACE, there was no correlation between the concentration of ACE and SRP (R 2 = 0.02 and 0.01 for seeps and wells, respectively; Fig. 5B ). Groundwater ammonium concentrations were generally low for the seep samples, with 89% of samples having 0.1 mg NH 4 + -N L −1 or less, even if ACE was detected (Fig. 5C ). The domestic well groundwater was also generally low in , and only four of these samples also having ACE (Fig. 5C ). For samples that did contain ACE, there was no correlation between the concentration of ACE and NH 4 + (R 2 = 0.007 and 0.002 for seeps and wells, respectively; Fig. 5C ).
Extensive research of a groundwater septic plume at the Long Point Provincial Park in Ontario has shown that artificial sweeteners outlast many other septic system contaminants including nutrients (ammonium, nitrate, phosphorus) and pharmaceuticals (e.g., ibuprofen, naproxen, gemfibrozil) (Carrara et al., 2008; Robertson et al., 2013 Robertson et al., , 2016b . Therefore it is not surprising that we do not necessarily see a relationship between septic system nutrients and ACE in rural groundwater samples. The Long Point study site demonstrates the ability of artificial sweeteners to track septic system effluent water long after other wastewater constituents have disappeared, a characteristic that makes artificial sweeteners excellent tracers of wastewater in the environment and groundwater, specifically.
The lack of correlation between nitrate, ammonium, or SRP and the presence of ACE indicates that wastewater is not the dominant source of these compounds in groundwater at the aquifer scale. However, the widespread occurrence of wastewater-affected groundwater suggests that septic system nutrients should not immediately be discounted when evaluating nutrient sources (e.g., nitrate) in rural areas otherwise dominated by agricultural lands. Furthermore, septic systems might still be a significant source of groundwater nutrients on more local scales, such as for specific wells or seeps. Robertson et al. (2016a) used total inorganic nitrogen/ACE and Cl − /ACE ratios to calculate that, in three Canadian watersheds dominated by agriculture, <15% of the groundwater nitrate could have potentially been derived from septic system effluents. The results presented here support the findings of previous studies that have used different methods to conclude that agricultural fertilizers are the main source of nitrate in the LASA (Hill 1982 (Hill , 1986 Senger 2016) .
Conclusions
Given that 11% of the Canadian population obtains their domestic water from private wells, and that these same households usually also have septic systems, the occurrence of artificial sweeteners in groundwater is likely widespread in rural areas across the country. In rural groundwater, septic systems are expected to be the major source of artificial sweeteners to groundwater, and therefore artificial sweeteners are a potential way of apportioning nutrient contributions between agricultural and septic sources, especially when used in combination with other novel tracers such as stable isotope ratios.
Although the Nottawasaga River has several municipal wastewater discharges, we show that groundwater discharging directly to the Nottawasaga River is also a source of artificial sweeteners to the river. Therefore, surface water bodies (rivers, streams, lakes) that do not have municipal wastewater discharges can still contain artificial sweeteners derived from groundwater affected by septic system effluents.
Given that ACE is so recalcitrant and mobile in groundwater, it is possible that even after other wastewater compounds such as pathogens and pharmaceutical compounds are completely removed, the presence of septic-derived water could still be detected using ACE. If ACE is not detected in a water sample, then other human wastewater-derived contaminants are also unlikely to be present at levels of concern.
